We have investigated the crystallinity of compositionally graded SiGe layers of strained Si wafers (s-Si) in the growth direction by irradiating a synchrotron X-ray microbeam with a high parallelism on a cross section of s-Si wafers. As a result, we can confirm the presence of surface parallel SiGe lattice rotation and lattice rotation distribution (LRD). The surface parallel LRD and relaxation ratio of SiGe start to decrease in the depth direction below approximately 3 μm from the wafer surface. It is inferred that the insufficient relaxation of SiGe near the wafer surface is caused by the characteristics of the free wafer surface. Furthermore, such characteristics are thought to lead to a reduction in LRD near the wafer surface.
Introduction
Many researchers have studied the crystallinity of epitaxially grown SiGe layers. Moreover, it is reported that SiGe layers have a large lattice tilt variation distribution (LTVD), and s-Si 2-6) grown on SiGe layers also inherits this LTVD. 7) However, the crystallinity aggravation mechanism of the micron order in the growth direction for compositionally graded SiGe layers has not yet been elucidated. In this study, we have investigated the crystallinity of compositionally graded SiGe layers of s-Si wafers in the growth direction by irradiating a synchrotron X-ray microbeam with a high parallelism on a cross section of the s-Si wafers.
Experiment

Sample preparation
SiGe and s-Si epitaxy was carried out in a commercial concentration depth profiles for the s-Si wafers were evaluated by secondary ion mass spectroscopy (SIMS). Table 1 and Fig. 1 
Incident X-ray optics
The synchrotron X-ray microbeam was constructed in hatch C2 of BL24XU in SPring-8. 8) The experimental arrangement of the microbeam optics is schematically illustrated in Fig. 2. 9)
The synchrotron radiation generated by a figure-8 undulator was monochromatized to 15 keV using a Si double crystal monochromator of the horizontal dispersion type with 111 symmetric reflections. The X-ray microbeam was primarily focused in the vertical direction on the sample surface using an Rh-coated bent cylindrical mirror for analyzing each step of the compositionally graded SiGe layers more precisely. As a result, the beam size was 3.9 μm (H) × 0.8 μm (V), and the angular divergence in the horizontal direction was 2.2 arcsec on the specimen.
Measurement procedure
First, in order to determine the thickness of the SiGe layer, we acquired contour maps of the 440 reflection intensity distribution from a set of -scans (rocking curves) at each position in the vertical direction (Z). Next, by putting the analyzer crystal behind the specimen, as shown in Fig. 2 , we confirmed the center depth of each SiGe step by the Z-scan. Here, we define the center depth of each SiGe step determined by the Z -scan as the depth of each In this study, we define the parallel and vertical directions for the Si substrate surface as "surface parallel" and "surface normal," respectively. Moreover, the full width at half maximum (FWHM) of each rocking curve fitted by a Gaussian function is also defined as an LRD. for the Si substrate used in this study. However, as can be observed in Fig. 6 , the LRDs and relaxation ratios of Sample-A and Sample-B start to decrease in the depth direction from approximately 3 μm to the wafer surface.
Particularly in Sample-B, the decreases in the ratio of LRD and relaxation ratio are large, and we can confirm the peak of LRD and relaxation ratio at a depth of about 4 μm. Figure 7 shows the Ge concentration depth profiles evaluated by SIMS and cross-sectional transmission electron microscopy (TEM) images of the SiGe layers. As can be observed from the TEM images of Sample-A and Sample-B When a top SiGe step with a large Ge concentration is deposited on the second SiGe step with a smaller Ge concentration, the surface strain of the top SiGe step is released at the wafer surface since there is no significant stress on the wafer surface. Moreover, the top SiGe step with an insufficient relaxation ratio gives compressive stress to the second SiGe step resulting in a decrease in relaxation ratio. We assume that this phenomenon of decrease in relaxation ratio continues from the wafer surface to certain depths. Therefore, it appears that the decrease in the relaxation ratio of the SiGe layer near the wafer surface is attributable to this free surface property. In practice, the s-Si layers with a thickness of about 9 nm exist on the top SiGe steps; however, we assume that the s-Si layers have little effect on the relaxation of top SiGe steps because the s-Si layers thickness are hardly smaller than the top SiGe step thicknesses of about 1 μm. On the other hand, the reason LRD decreases near the wafer surface may be explained as follows. SiGe steps with an insufficient relaxation ratio near the surface give rise to a compressive stress in the lower SiGe steps, and it appears that this compressive stress plays a role in decreasing SiGe LRD.
Moreover, we assume that the effect of top SiGe compressive stress is easily transmitted in the depth direction in Sample-B with a smaller thickness of about 0.5 μm than Sample-A with a thickness of about 1.0 μm. Therefore, the larger decrease in ratio is confirmed in Sample-B. Because the relaxation of the top SiGe step is 
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Conclusions
We have investigated the crystallinity of compositionally graded SiGe layers of s-Si in the growth direction by irradiating a synchrotron X-ray microbeam with a high parallelism on a cross section of s-Si wafers. As a result, we can confirm the presence of surface parallel SiGe lattice rotation and LRD similar to the surface normal SiGe LTVD, as reported previously. The surface parallel LRD and relaxation ratio of SiGe start to decrease in the depth direction below approximately 3 μm from the wafer surface. On the other hand, the absolute values of surface parallel SiGe LRA slightly increase as the SiGe layers are deposited on the Si substrates. However, the values tend to decrease near the surface of the s-Si wafers. This result implies that the surface parallel crystal orientation of SiGe rotates around that of the Si substrate and tends to be equal to that near the wafer surface. It is estimated that the insufficient relaxation of SiGe near the wafer surface is caused by the characteristics of the free wafer surface. Furthermore, such characteristics are thought to lead to a reduction in LRDs near the wafer surface.
